The adeno-associated virus type 2 (AAV), a nonpathogenic human parvovirus, contains a single-stranded DNA genome of 4,680 nucleotides (55) . Optimal replication of the wild-type (wt) AAV genome requires coinfection with a helper virus, such as adenovirus or herpesvirus (2) (3) (4) (5) . In the absence of a helper virus, the wt AAV genome integrates into the host chromosomal DNA in a site-specific manner to establish a latent infection (7, (17) (18) (19) (20) 48) . When a latently infected cell is subsequently infected with a helper virus, the integrated wt AAV genome undergoes rescue and proceeds through a normal productive infection (31, 32) . The AAV genome can also be rescued from recombinant plasmids containing the wt viral genome by transfecting the plasmid DNA into adenovirusinfected human cells (44, 47) . Thus, recombinant plasmids have proven to be a useful model system with which to study the molecular events involved in rescue and replication of the latent proviral AAV genome (10, 44-46, 56, 59-61) . Two sequences in the wt AAV genome are essential for viral DNA replication. The first is the viral origin of DNA replication, which consists of a 145-nucleotide inverted terminal repeat (ITR) sequence, the terminal 125 nucleotides of which form a hairpin palindrome that is used as a primer for initiation of viral DNA replication (9, 26, 54) . The second is the viral rep gene, which codes for four viral nonstructural proteins (Rep) that are synthesized from a single open reading frame by the use of alternate promoters and splicing (54) . Rep78 and Rep68 are expressed from a promoter at map unit 5 (p5), and Rep52 and Rep40 are derived from expression from a promoter at map unit 19 (p19) in the viral genome (3, 4, 30, 54) . The Rep proteins have multiple functions and are involved in rescue, replication, encapsidation, and integration of the AAV genome as well as in regulation of the viral gene expression (12, 13, 24-30, 35-38, 49, 52, 53, 56, 63, 64) . In the absence of adenovirus, the Rep proteins repress the production of the p5 and p19 transcripts, but in the presence of adenovirus, the Rep proteins simultaneously activate and repress the AAV p5 promoter and activate expression from the p19 promoter in the AAV genome (37, 38) . Previous studies have shown that Rep78 and Rep68 specifically bind to the cruciform structures of the AAV ITRs (1, 14) . The Rep proteins also possess a site-specific and strand-specific endonuclease activity which specifically cleaves at the terminal resolution site (trs) within the ITR sequences (15, 16) . Both the secondary structure element of the ITR and a specific sequence at trs are required for the recognition and efficient cleavage by the Rep proteins (52, 53 ), although a low-level cleavage can occur in the absence of the secondary structure (27) . However, recent in vitro studies have documented that the purified Rep68 protein binds not only to the ITR but also to linear DNA sequences, such as the A sequence, and p5 and p19 promoter sequences (24, 27, 37, 62) . The Rep-binding site (RBS) in the p5 promoter between the TATA box and the transcription start site is responsible for the repression of expression of Rep68 (24, 37) . In addition to this RBS, the binding site for yet another transcription factor, YY1 (58) (the YY1 factor-binding site [YBS] ), in the p5 promoter is also responsible for regulation of expression of Rep proteins (6, 50, 51) . Although the RBS in the p5 promoter is believed to be involved in rep gene expression (24, 35) and AAV DNA integration (8) , it is unclear whether Rep-mediated binding to these sequences is required for viral DNA replication. Similarly, the binding of YY1 to the p5 promoter and its consequences for AAV DNA replication in the absence of a helper virus have not been rigorously examined.
In this report, we document that the wt AAV genome undergoes rescue and autonomous replication in 293 but not in HeLa cells and that autonomous replication of the AAV genome correlates well with expression from the viral promoters in 293 cells. Interestingly, however, expression of the adenovirus E1A proteins is insufficient to mediate rescue and replication of the AAV genome in HeLa cells. The autonomously replicated AAV genomes in 293 cells are successfully encapsidated in mature progeny virions that are biologically active. These studies yield insights into the complex interaction of Rep proteins with the viral genome leading to down-regulation of gene expression from the p5 promoter and indicate that perturbation in this interaction is sufficient to confer autonomous replication competence to AAV in 293 cells.
MATERIALS AND METHODS
Cells, viruses, and plasmids. Human cervical carcinoma cell line HeLa and human nasopharyngeal carcinoma cell line KB were provided by Asok C. Antony (Indiana University School of Medicine, Indianapolis). Human embryonic kidney cell line 293 was obtained from the American Type Culture Collection (Rockville, Md.). Cells were maintained as monolayer cultures in Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin as previously described (33, 34) . AAV and the human adenovirus type 2 (Ad2) virus stocks were obtained from Kenneth I. Berns, Cornell University Medical College, New York, N.Y., and Kenneth H. Fife, Indiana University School of Medicine, respectively, and propagated as previously described (21) . The recombinant AAV plasmid pSub201 (45) was supplied by Richard J. Samulski, University of North Carolina, Chapel Hill.
Construction of recombinant AAV plasmids. Standard cloning techniques were used for constructing all recombinant plasmids (43) . First, a plasmid designated pXS-26B was constructed by replacing the right XbaI site in plasmid pSub201 with a synthetic oligonucleotide linker sequence (5Ј-CTAGGGAATT CC-3Ј) containing an EcoRI site. To construct plasmids pXS-70A, pXS-70B, and pXS-70C, plasmid pSub201 was digested with Eco31I and KpnI. The left half of the AAV genome fragment was isolated and ligated with synthetic oligonucleotide linker sequences (5Ј-CCGAGATCTCGATCAGGGTCTCC-3Ј, 5Ј-CCGAG TGAGCACGCAGGGTTTAA-3Ј, and 5Ј-CCGAGATCTCGTCAGGGTTTA A-3Ј, respectively) and then inserted into plasmid pXS-24, described previously (60) , which was digested with AvaI and KpnI. The resulting plasmids, designated pXS-69A, pXS-69B, and pXS-69C, respectively, were digested with XbaI and HindIII, and these fragments were used to replace the XbaI-HindIII fragment in plasmid pXS-26B. Plasmid pXS-48B was constructed by replacing the XbaI-HindIII fragment of pXS-26B, using the XbaI-HindIII fragment from pXS-47, also described previously (62) . The wt AAV coding sequences flanked by the Ad5 ITRs were cloned between the BalI sites in plasmid pSub201 to generate plasmid pXS-37. A DNA fragment containing the herpesvirus thymidine kinase (TK) promoter-driven gene for resistance to neomycin (TK-neo r ) isolated from plasmid pTwu.G1 (33) was inserted at the ClaI site in plasmid pXS-37 to generate the plasmid pXS-38. Similarly, the TK-neo r fragment was inserted at the ClaI site in plasmid pXS-18, lacking the AAV D sequences described previously (59) , to generate the plasmid pXS-39. Plasmid pXS-40 was generated by inserting the TK-neo r fragment at the ClaI site in plasmid pSub201. Southern blot analysis for AAV DNA rescue and replication. DNA-mediated transfections were carried out in triplicate by the calcium phosphate coprecipitation method (43) with 10 g of each plasmid per 100-mm-diameter dish of 70% confluent 293 cells. At various times posttransfection, low-M r DNA samples were isolated by the procedure described by Hirt (11) , digested extensively with DpnI, and analyzed on Southern blots by using the 32 P-labeled AAV DNA probe as previously described (33, 34) . HeLa cells were transfected by using Lipofectin as recommended by the vendor (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Northern blot analysis for AAV gene expression. Cells were either mock transfected or transfected in triplicate with equivalent amounts of various recombinant AAV plasmids by using Lipofectin as described above. Forty-eight hours posttransfection, total cellular RNA was isolated from two-thirds of the cells and analyzed on Northern blots, using two 32 P-labeled DNA probes, one specific for the AAV and one specific for the glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA sequence. The remainder one-third of the cells were used to isolate low-M r DNA for analyses of plasmid uptake on quantitative DNA slot blots by using the 32 P-labeled AAV DNA probe as previously described (22) .
Encapsidation and biological activity of AAV progeny virions. Equivalent amounts of plasmids pXS-70A and pSub201 were transfected in 293 cells as previously described (59) (60) (61) (62) . Approximately 72 h posttransfection, cells were harvested and progeny virions were purified by one round of CsCl equilibrium density gradient followed by exhaustive digestion with DNase I as previously described (21) . These viral stocks were used in secondary infections of Ad2-infected HeLa cells, and low-M r DNA samples isolated at various times postinfection were analyzed on Southern blots using 32 P-labeled AAV probe as previously described (33, 34) .
Stable transduction assays. Equivalent numbers of HeLa, KB, and 293 cells were transfected in triplicate with 10 g each of the recombinant plasmids pXS-38, pXS-39, and pXS-40, separately. Forty-eight hours posttransfection, G418 was added at a final active concentration of 400 g/ml, and G418-resistant colonies were enumerated 14 days later as previously described (33, 41) .
RESULTS
AAV DNA sequences undergo rescue from recombinant plasmids followed by autonomous replication in human 293 but not in HeLa cells. Previous studies have shown that the RBS in the p5 promoter is involved in the repression of expression of Rep78 and Rep68 proteins in the absence of the helper virus and that the YBS is also involved in the regulation of Rep protein expression (6, 24, 27) . Further analyses revealed that mutations in the RBS provide partial relief from down-regulation by Rep68, and mutations in the YBS reduced the p5 mRNA levels in 293 cells (24, 37) . Since these studies were confined to analyses of gene expression in the absence of AAV DNA replication in experiments involving plasmid transfections, we examined the effects of these mutations on viral DNA replication in the context of the AAV genome. We created a number of mutations in the RBS and the YBS within the p5 promoter of the wt AAV genome, which are schematically depicted in Fig. 1 . Briefly, plasmid pSub201 contains the wt AAV genome (45) . Plasmids pXS-70A and pXS-70B contain mutations in the RBS and the YBS, respectively, in the viral p5 promoter. In plasmid pXS-70C, both RBS and YBS have been mutated; in plasmid pXS-48B, both sites have been deleted. Equivalent amounts of these plasmids were transfected separately into 293 cells in the absence of adenovirus, and low-M r DNA samples were isolated at various times posttransfection, digested extensively with DpnI, and analyzed on Southern blots by using the 32 P-labeled AAV DNA probe. These results are shown in Fig. 2 . The roughly equivalent hybridization intensities of DpnI fragments generated from each plasmid, observed even at much shorter autoradiographic exposures, indicate that the amounts of the input plasmids were approximately the same. It is interesting that a low-level rescue and replication of the AAV genome from plasmid pSub201 occurred in 293 cells, as evidenced by time-dependent accumulation of DpnI-resistant AAV monomeric and dimeric replicative DNA intermediates. The efficiency of rescue and/or replication of the AAV genome in 293 cells transfected with plasmid pXS-70A containing a mutation in the RBS was significantly increased. These replicative DNA intermediates disappeared when the low-M r DNA samples were digested extensively with DpnI, which digests input plasmid DNA but not DNA replicated in human cells, and DpnII, which digests DNA replicated in human cells (data not shown). These results indicate that AAV DNA containing a mutation in the RBS can undergo rescue from the recombinant plasmid pXS-70A followed by a full round of autonomous replication in 293 cells in the absence of adenovirus, albeit at several orders of magnitude less than that observed from the plasmid pSub201 in the presence of adenovirus. The efficiency of rescue and replication of the AAV genome from plasmids pXS-70C and pXS-48B, containing a mutation and a deletion in the RBS and the YBS, respectively, was higher than that from plasmid pSub201 but less than that from plasmid pXS-70A. Little rescue and/or replication of the AAV genome occurred from the plasmid pXS-70B, which contained a mutation in the YBS. Interestingly, however, when these studies were carried out with HeLa cells under identical conditions, the AAV genome failed to undergo rescue and replication, even from the plasmid pXS-70A (data not shown, but see later). Abundant rescue and/or replication of the AAV genome from each of the plasmids occurred in the presence of adenovirus in 293 (Fig. 3) as well as HeLa (data not shown) cells. These results demonstrate that the RBS mediates repression of replication and that the YBS promotes AAV DNA replication in the absence of adenovirus in 293 cells. Autonomous replication of the AAV genomes correlates with expression of the rep genes. It was next of interest to investigate whether mutations in the RBS and the YBS also had an effect on rep gene expression. Each of the recombinant AAV plasmids was transfected in triplicate into 293 cells in the absence of adenovirus. Forty-eight hours posttransfection, total RNA and low-M r DNA were isolated and analyzed on Northern and quantitative DNA slot blots, respectively, using the 32 P-labeled AAV DNA as a probe. Such blots from two separate experiments are shown in Fig. 4 and 5 . Approximately equivalent hybridization intensities of RNA samples with the GAPDH probe (Fig. 4) and that of low-M r DNA with the AAV probe ( 5, 8, 11, and 14) , and 72 h (lanes 3, 6, 9, 12, and 15) posttransfection was digested with DpnI and analyzed on Southern blots, using an AAV-specific DNA probe as described in the legend to Fig. 2 . Autoradiography was performed at room temperature for 15 min. m and d denote the monomeric and replicative forms of the AAV genome. which there are mutations or deletions in the RBS, the level of p5 transcripts, and specifically the ratio of p5 transcripts to p19 or p40 transcripts, is significantly increased. Interestingly, mutations in the YBS repress the levels of p5 transcripts. Second, the effects of the RBS and the YBS on p5 transcripts appear to be independent since the level of p5 transcript is highest in cells transfected with plasmid pXS-70A, the lowest with plasmid pXS-70B, and intermediate with plasmid pXS-70C. Thus, in the absence of adenovirus, the RBS-mediated repression of the p5 promoter and the YBS-mediated stimulation of the p5 promoter appear to be independent. Third, the extent of AAV DNA replication correlates with the levels of p5 transcripts. For example, when the p5 transcripts are high, the level of AAV DNA replication is also high (pXS-70A, pXS-70C, and pXS-48B; compare Fig. 2 and 4) . Fourth, the RBS and the YBS appear to selectively affect the levels of p5 transcripts. For example, mutations in the RBS and the YBS result in a significant increase in the ratio of p5 transcripts to p19 and p40 transcripts. Expression of the p5 transcripts also affects the levels of p19 and p40 transcripts because when the level of p5 transcripts is high, the levels of p19 and p40 transcripts are also high. When these experiments were carried out in the presence of adenovirus, the efficiency of transcription from each of the three AAV promoters was increased significantly, requiring autoradiographic exposure of Northern blots only for approximately 1 h, but there was an abundant increase in the ratio of p40 transcripts to p19 or p5 transcripts (data not shown), an observation consistent with a recently published report (25) . However, the levels of p5 transcripts in adenovirus-infected 293 cells were not significantly different following transfection with plasmid pXS-70A or pXS-70C but less than that with plasmid pXS-70B or pSub201 (data not shown). Thus, the RBS is required for activation of AAV transcription by adenovirus but does not have an effect on viral DNA replication in the presence of adenovirus.
Adenovirus E1A gene products are insufficient to mediate rescue and replication of the AAV genome in HeLa cells. As indicated above, rescue and autonomous replication of the AAV genome from none of the transfected recombinant plasmids could not be detected in HeLa cells even when highefficiency transfection protocols were used. Since 293 cells constitutively express the adenovirus early-region E1 gene products that are known to transactivate the YBS (6, 51), it was reasonable to assume that adenovirus E1A and/or E1B gene products were responsible for the rescue and autonomous replication of the AAV genome in 293 cells in the absence of adenovirus. This possibility was experimentally tested when each of the recombinant AAV plasmids was transfected into HeLa cells either in the absence or in the presence of an expression plasmid containing the adenovirus E1A gene. The results of these experiments are depicted in Fig. 6 . It is evident that the adenovirus E1A gene products alone could not support rescue and replication of the AAV genome in HeLa cells in the absence of adenovirus. Although it remains possible that the adenovirus E1B gene products are required for AAV DNA replication, this was not pursued further in view of the fact that even in 293 cells, an additional factor(s), other than the adenovirus E1A and E1B gene products, is required for autonomous replication of AAV DNA since rescue and/or replication also occurred from plasmids pXS-70C and pXS-48B (Fig. 2) , which contain a mutation or a deletion in the YBS.
Rescue and autonomous replication of the AAV genome lead to generation of biologically active progeny virions. Since complete AAV DNA replication and gene expression occurred in 293 cells, it was next of interest to examine whether progeny AAV particles could also be assembled in the absence of adenovirus. Plasmids pXS-70A and pSub201 were transfected separately into 293 cells in the absence of adenovirus as de- Fig. 4 were analyzed on quantitative DNA slot blots, using an AAV-specific DNA probe as described in Materials and Methods. Autoradiography was performed at Ϫ70°C for 2 h. scribed in Materials and Methods. Seventy-two hours posttransfection, cells were harvested and subjected to three rounds of freezing and thawing to release virus particles, which were purified on CsCl equilibrium density gradients followed by exhaustive digestion with DNase I as described in Materials and Methods. These stocks were used to infect HeLa cells in the presence of adenovirus. Low-M r DNA samples isolated at various times postinfection were analyzed on Southern blots, using AAV DNA as a probe. These results are shown in Fig. 7 . Time-dependent accumulation of the characteristic monomeric and dimeric replicative AAV DNA intermediates could be readily detected, indicating that biologically active progeny virions were indeed assembled following transfection of plasmids pXS-70A and pSub201 in 293 cells in the absence of adenovirus. These data, although not quantitative, provide further evidence that a productive life cycle of AAV can be accomplished in 293 cells in the absence of a helper virus (42, 65) .
Autonomous replication of AAV affects stable transduction of recombinant plasmids in 293 cells. We next wished to determine the consequences of rescue and autonomous replication of the AAV genome from recombinant plasmids containing a selectable marker gene on stable transduction. The three recombinant plasmids pXS-38, pXS-39, and pXS-40, shown schematically in Fig. 8 , were constructed as described in Materials and Methods. Plasmid pXS-40 contains the intact wt AAV genome. Plasmid pXS-39 contains an AAV genome from which the D sequences have been deleted, and plasmid pXS-38 contains an AAV genome in which the D sequences have been replaced by the adenovirus ITRs. Each of the plasmids also contains the herpesvirus (TK-neo r ) gene in the vector backbone. The efficiency of rescue and replication of the AAV genome from these plasmids in adenovirus-infected cells varies greatly, ranging from very high (pXS-40) to low (pXS-39) due to D-sequence deletions (59) (60) (61) . Little or no rescue and replication of the AAV genome occur from plasmid pXS-38 (data not shown). These plasmids were transfected into HeLa, KB, and 293 cells separately under identical conditions, and G418-resistant colonies were enumerated as described in Materials and Methods. These results are shown in Table 1 . It is evident that the total numbers of G418-resistant colonies obtained with all three plasmids in HeLa or KB cells were not significantly different for the given cell types, although the transduction efficiency in HeLa cells was approximately threefold higher than that in KB cells. In 293 cells, however, the numbers of G418-resistant colonies obtained with these plasmids varied significantly. We interpret these results as follows. Since no rescue and replication of the AAV genome from any of the plasmids occur in HeLa or KB cells (data not shown), the plasmid integrity is maintained, leading to stable integration. Plasmid pXS-38, from which the AAV genome does not undergo rescue and replication in 293 cells, is highly efficient in yielding G418-resistant colonies. With plasmid pXS-39, from which a low-level rescue and replication of the AAV genome occur in 293 cells, there is approximately fourfold reduction in the number of G418-resistant colonies, and with plasmid pXS-40, from which the AAV genome undergoes efficient rescue and replication, the numbers of G418-resistant colonies are further reduced approximately fivefold. These data are consistent with the conclusion that rescue and autonomous replication of the AAV genome from recombinant plasmids in 293 cells compromise the structural integrity of the transfected plasmid, leading to reduction in functional DNA molecules capable of stable integration into the host chromosome (33). Rep protein-mediated suppression of expression from the p5 promoter (24, 37) .
More interestingly, our data document that AAV is capable of autonomous replication, even in the absence of any genotoxic stress, but only in 293 cells. Autonomous replication of AAV in 293 cells was not detected during infection studies when a multiplicity of infection of 20 (approximately 2,000 viral genomes/cell) was used (65) . We suspect that we detected a low-level replication of AAV in the absence of adenovirus because substantially larger numbers (Ͼ500,000 viral genomes/ cell) were delivered in 293 cells during plasmid-mediated transfections (39, 40) . Abundant expression of viral transcripts occurs from transfected recombinant plasmids, even in the absence of adenovirus, which does not lead to efficient replication of viral genomes (25) , suggesting suboptimal transport to the cytoplasm and/or inefficient translation of these transcripts. In the presence of adenovirus, on the other hand, these processes are carried out more efficiently (46) . The fact that the adenovirus early gene products alone did not support rescue and replication of the AAV genome in HeLa cells in the absence of adenovirus suggests that additional factors other than the adenovirus E1A gene products are required for the autonomous replication of AAV DNA. The observation that even in 293 cells no rescue and/or replication occurred from a recombinant plasmids that contained a mutation or a deletion in the YBS indicates that factors other than E1A and E1B are required for autonomous replication.
The regulation of expression from the AAV promoters in general, and that from the p5 promoter in particular, is complex (24, 25, 37, 38) . The roles of two control elements in the p5 promoter, the RBS and the YBS, have been studied in some detail (24, 37) . Although the RBS, which is localized between the p5 TATA box and the transcription start site (Fig. 1) , appears to be crucial in effectively repressing expression from the p5 promoter during a natural infection by AAV, detectable levels of transcripts from each of the AAV promoters could be obtained in 293 cells following plasmid transfections, an observation consistent with previously published reports (23, 25) . Although the latter means might not represent a physiologically natural situation, it provides some explanation for why AAV is unable to undergo autonomous replication: presumably because a threshold concentration of the viral Rep proteins fails to accumulate. This contention is borne out by the fact that there was a strong correlation between the levels of the p5 transcripts and the ability of AAV to replicate autonomously in 293 cells (Fig. 2 and 4) . With reference to the YBS, we focused our studies only on the site which is localized downstream from the p5 TATA box and the RBS because a second YBS, which is present upstream of the p5 TATA box, binds to YY1 and mediates repression of expression from the p5 promoter in the absence of adenovirus, and the adenovirus E1A-YY1 complex formation relieves this repression (6, 50, 51) .
In sum, our studies document that the Rep protein interaction with the RBS plays a dominant role in down-regulating viral gene expression from the p5 promoter, and perturbation in this interaction is sufficient to confer autonomous replication competence to AAV in 293 cells. Since autonomous replication of the AAV genome does not occur in HeLa cells, even in the presence of adenovirus early gene products, these studies also suggest that additional, hitherto unknown viral and/or cellular factors are required for a productive infection by AAV. a Each of the recombinant AAV plasmids containing the neo r gene was transfected separately in triplicate in HeLa, KB, and 293 cells under identical conditions, and G418 was added at an active final concentration of 400 g/ml 48 h posttransfection. Total numbers of G418-resistant colonies were enumerated from three dishes each 14 days postselection.
